We show nanometer-level localization accuracy of a single quantum-dot in three dimensions by self-interference and diffraction-pattern analysis. We believe that this approach has the capacity to push optical microscopy to the molecular level. The use of fluorescence light for far-field imaging at the nanometer scale has recently drawn much attention worldwide. Typically, nanoscopy approaches have been focused on the manipulation and detection of the intensity of fluorescence light. Example techniques includes STED microscopy [1] and localization microscopy [2, 3] . However, for simplifying the lateral localization process, the complex emission pattern of a single fluorescent object is usually neglected, which results in a position error due to the partial misinterpretation of the measured point spread function. The use of a more elaborated model for the diffraction-limited pattern has recently yielded an improved estimation of the lateral position as well as the orientation of a single emitter [4] . In addition, the phase of fluorescence light has shown to be valuable for axial measurements at the nano-scale [5, 6] . In fact, the use of phase of low-coherence optical fields, such as white-light sources, has proven to be very useful for biological and medical imaging [7, 8] , as manifested by optical coherence tomography (OCT) [7] and phase-contrast optical microscopy [8] .
The use of fluorescence light for far-field imaging at the nanometer scale has recently drawn much attention worldwide. Typically, nanoscopy approaches have been focused on the manipulation and detection of the intensity of fluorescence light. Example techniques includes STED microscopy [1] and localization microscopy [2, 3] . However, for simplifying the lateral localization process, the complex emission pattern of a single fluorescent object is usually neglected, which results in a position error due to the partial misinterpretation of the measured point spread function. The use of a more elaborated model for the diffraction-limited pattern has recently yielded an improved estimation of the lateral position as well as the orientation of a single emitter [4] . In addition, the phase of fluorescence light has shown to be valuable for axial measurements at the nano-scale [5, 6] . In fact, the use of phase of low-coherence optical fields, such as white-light sources, has proven to be very useful for biological and medical imaging [7, 8] , as manifested by optical coherence tomography (OCT) [7] and phase-contrast optical microscopy [8] .
Here, we extent the framework of phase-contrast microscopy to fluorescence light at the single-molecule level and demonstrate a novel approach for localizing a single nano-object to within several nanometres in all three dimensions. Combined with the more accurate analysis on the particular emission pattern of a single nano-object, we show improved spatial resolution as well as information on the molecular orientation. We expect that our approach will open up new possibilities for biological investigations with three-dimensional molecular resolution.
Hereon, we present the experimental setup and the corresponding single-molecule measurements. A nano-object consisting of a single fluorescent quantum-dot (excitation: 635 nm, emission: 680 nm) was positioned on a layered, custom-made slide comprising a glass slip, dielectric mirror and SiO 2 spacer. The sample was then measured by a home-made objective-type TIRF microscope, where an additional low numerical aperture objective (NA=0.12) was placed above the sample to collect the interference signal casted by the forward-directed and back-reflected fluorescence fields, as depicted in Figure 1 . The interference signal was next detected by a spectrometer (Fig. 1) . We note that this experimental arrangement provides three-dimensional localization information of the single quantumdot due to the parallel detection of the diffraction-limited image and the spectral interference signal. The generation of the fluorescence image allows us to precisely localize the single quantum-dot in the lateral dimension, whereas the interference spectrum offers the precise localization of the quantum-dot in the axial axis similarly to spectral self-interference fluorescence microscopy [6] .
a492_1.pdf NMB3.pdf Figure 1 , results in a characteristic diffraction pattern. Here, the lateral localization is achieved by computationally fitting a Gaussian model of the diffraction pattern to the recorded image of each quantum dot. A more accurate model of the expected diffraction pattern is currently under investigation. Although the latter approach is computationally more involved than the Gaussian fitting methods typically used in localization microscopy (PALM, STORM), the resulting localization accuracy is significantly improved. Gaussian localization performs well for diffraction patterns that correspond to the in-focus region of the PSF, but break down for diffraction patterns that contain more complex ringing features, such as those observed in our experiments (Fig. 2(b) ).
A typical cluster of multiple lateral position determinations (referred as localizations) resulting from repetitive localizations of the single fluorescent quantum-dot every 0.9 seconds is shown in Figure 2(b) . The standard deviation of this cluster was computed to be 11 nm, suggesting a lateral resolution of approximately 26 nm in fullwidth at half-maximum.
Figure 2(c) shows the measured fluorescence interference spectrum of the single quantum-dot. The typical fluorescence spectrum (i.e. without interference) is also shown in dashed line. The measurement time needed to construct the spectral interference signal was 300 seconds due to the low collection efficiency of the low-NA objective. The resulting spectral interference pattern together with the a-priori knowledge on the spacer thickness were next analyzed by Fourier analysis to yield an average axial localization of approximately 8 nm above the spacer, as illustrated in Figure 2(d) . The precision of the axial localization was calculated to be in the order of 1-2 nm.
a492_1.pdf NMB3.pdf To conclude, we introduced a new method for three-dimensional localization of a single fluorescent nano-object. As the localization precision of the single nano-object in all three dimensions (and hence also the optical threedimensional resolution of our technique) depends on the number of detected photons, we are exploring ways to increase the number of detected interference photons. As a result, we expect our approach to pave the way for threedimensional, molecular-resolution fluorescence imaging.
